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METHOD FOR DETERMINING OPTICAL 
PROPERTIES OF TURBID MEDIA 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is the ?rst application ?led for the present 
invention. 

TECHNICAL FIELD 

[0002] This invention relates to the determination of optical 
properties in turbid media. 

BACKGROUND OF THE INVENTION 

[0003] Optical imaging is a promising alternative to imag 
ing modalities such as X-rays, MRI, ultrasound, PET and the 
like and possesses advantages such as using non-ioniZing 
radiation and being able to provide functional in addition to 
anatomical information. 
[0004] It is Well knoWn from classical models, diffusion 
and transport equations and experimental measurements that 
time resolved methods such as Time Domain (TD) and Fre 
quency Domain (FD) optical imaging can be exploited to 
recover optical properties of the medium by forWard or 
inverse problems modeling (HaWrysZ and Sevick-Muraca 
Neoplasia, Vol. 2 No. 5 pp 388-417, 2000). HoWever, these 
calculations are time consuming and very sensitive to noise 
due to the number of free parameters required. These limita 
tions are particularly felt in optical imaging. 
[0005] Furthermore, the aforementioned calculations often 
assume that the volume sampled is homogeneous With regard 
to the optical properties of the underlying medium. This, of 
course, greatly reduces the spatial resolution of the determi 
nation of optical properties. 
[0006] More direct approaches have been suggested to 
determine optical properties of turbid media using time 
domain. For example US. Pat. No. 5,386,827 describes a TD 
method to determine the absorption coe?icient of a biological 
tissue based on the decay slope of the TPSF. HoWever, this 
approach does not solve the problem of spatial resolution in 
the case Where the medium is inhomogeneous With respect to 
its optical properties. 
[0007] There is therefore a need for improved methods for 
determining the spatial distribution of optical properties in 
heterogeneous media. 

SUMMARY OF THE INVENTION 

[0008] In one aspect of the present invention there is pro 
vided a method for determining the optical properties of an 
heterogeneous medium With increased spatial resolution. The 
method comprises obtaining a Temporal Point Spread Func 
tion (TPSF), and determining optical properties of volumes of 
interest (VOI), each volume being de?ned by an ensemble of 
equiprobable effective photon paths corresponding to a time 
point or time gate of the TPSF. The method therefore advan 
tageously provides for the determination of optical properties 
Within volumes that are smaller than the sum of the volumes 
comprising all possible photon paths that give rise to the 
complete TPSF thereby increasing the spatial resolution. 
These smaller volumes can be de?ned by ellipsoids compris 
ing the effective photon paths associated With corresponding 
time gates of the TPSF. 
[0009] In an embodiment the absorption coe?icient of the 
medium in a particular ellipsoid is determined using charac 
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teristics of the TPSF and a light transmission equation such as 
the Beer-Lambert equation applied to a particular time point 
or time gate intensity of the TPSF. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Further features and advantages of the present 
invention Will become apparent from the folloWing detailed 
description, taken in combination With the appended draW 
ings, in Which: 
[0011] FIG. 1 is a schematic representation of a source 
detector in the transmission con?guration and the associated 
ellipsoids; 
[0012] FIG. 2 is a schematic representation of a source 
detector in the re?ection con?guration and the associated 
ellipsoids; 
[0013] FIG. 3 is an example of TPSF sampling for deter 
mination of ellipsoids; and 
[0014] FIG. 4 is an example of ellipsoids obtained from 
TPSF sampling. 
[0015] It Will be noted that throughout the appended draW 
ings, like features are identi?ed by like reference numerals. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0016] While the folloWing detailed description Will 
emphasiZe Time Domain (TD) examples, it Will be appreci 
ated that the invention may also apply to the Frequency 
Domain (FD) modality. The tWo approaches are generally 
referred to as time resolved and are related to each other by the 
Fourier Transform (FT). 
[0017] Temporal Point Spread Functions (TPSF) provide 
an intensity pro?le of photons reaching a detector as a func 
tion of time. A TPSF can be acquired by measuring the 
intensity of an optical signal emanating from an object after a 
brief pulse of light has been introduced in the object. Alter 
natively, it can be obtained, in the FD, by Fourier transform 
ing a harmonic signal obtained by introducing an amplitude 
modulated light source at a plurality of frequencies. Details 
relating to apparatus and method for acquiring TD and FD 
optical data are Well knoWn in the art. 
[0018] The time at Which a photon reaches the detector is 
correlated to its effective path Within the medium. Thus, all 
photons reaching the detector at the same time have the same 
effective path. In one aspect of the present invention, optical 
absorption coef?cients of volumes of interest (V OI’s), 
de?ned by the envelope of equiprobable photon paths giving 
rise to the signal at a predetermined time point or time gate of 
a temporal point spread function (TPSF), are obtained. 
[0019] Photon migration theory predicts that the detected 
photons paths can be represented by a three dimensional 
ellipsoid (“cigar-shaped”) distribution pattern in the trans 
mission mode or by a “semi” ellipsoid (“banana-shaped”) 
distribution in the re?ection mode. Various techniques such as 
Monte Carlo simulations have provided support for the exist 
ence of the ellipsoid-shaped paths distributions. 
[0020] FIG. 1 schematically represents an embodiment of 
the present invention in Which a TPSF is obtained in the 
transmission mode, that is to say, light is injected on one side 
of an object and detected on the opposite side (also referred to 
as co-axial con?guration in Which the source and detector are 
located substantially along the same axis). The photons arriv 
ing at the detector at a given moment correspond to photons 
having traveled a given effective path. By effective path it is 
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meant the total path length traveled by a photon during the 
propagation through a diffusing medium betWeen the source 
point and detection point. Thus, for a given time point of the 
TPSF, the signal Will result from the contribution of all pho 
tons traveling different paths but all having substantially the 
same path length or effective path. 

[0021] For example, the ellipsoid comprising the paths giv 
ing rise to Tmax is the ellipsoid comprising photon paths With 
the maximum probability of detection. The photons arriving 
before or after Tmax Will travel a shorter or longer effective 
path respectively. As can be appreciated from FIG. 1, shorter 
effective paths are comprised Within a smaller volume than 
longer effective paths. The parameters that de?nes the siZe 
and shape of the ellipsoid With maximum probability of 
detection are determined based on the folloWing: A photon 
has a maximum probability of being detected if the path of 
this photon passes through a point at Which the probability of 
redistribution through diffusion is uniform in all directions. 
This means that any photon Which at one moment during its 
propagation is located in this “focal” point has a maximum 
probability of being detected independent of its initial direc 
tion of propagation. The position of this point is a function of 
the diffusion coe?icient of the medium in Which propagation 
takes place and is symmetric, With respect to the source 
detector con?guration, to the point at Which the injected pulse 
is converted into an isotropic source. The position of this 
point is approximately 3/us' from the surface for a scattering 
coe?icient us'~l/mm Which is typical of biological tissues. 
This is based on the assumption that after traveling a distance 
equivalent to 3 times the reduced mean free path (mfpII/uS') 
the photons are completely diffused. Thus the ellipsoid cor 
responding to the maximum of the TPSF can be characterized 
as folloWs: focal points are localiZed 3/us' from the surface, 
the long axis do:2a Where do is the distance betWeen the 
source 10 and the detector 12, Which also corresponds to the 
sample 14 thickness and a has the usual meaning in ellipsoid 
geometry and the distance betWeen the focal points is given 
by 

2c:2a—2*3/ps' (l) 

[0022] The third parameter required for the complete deter 
mination of the ellipsoid is evaluated using the Well knoWn 
relation: 

b: a2_C2 (2) 

Where b is equal to half of the short axis. Thus the ellipsoid 
corresponding to the maximum probability of detection can 
be de?ned by: 

a = dO/Z (3) 

b=1/#;*\/3*(do*#;-3) (4) 

c : do/2 — 3/;4] (5) 

[0023] The parameters of a generic ellipsoid corresponding 
to a longer effective path length (photons arriving at later 
times (Ti) than the ones corresponding to the maximum) can 
be obtained from the folloWing relations: 
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Where Tmax is the time of arrival of the photons corresponding 
to the maximum of the TPSF. 

[0024] The VOls can be determined by modeling the vol 
ume of the object With ellipsoids and correlating the ellip 
soids With time points and/or time gates of the TPSF. Upon 
modeling, each source-detector con?guration Will generate a 
family of ellipsoids corresponding to the TPSF derived from 
measurements obtained With a particular source-detector 
con?guration (see FIGS. 3 and 4). 
[0025] The optical properties of the medium comprised 
Within a given ellipsoid can then be estimated, thereby pro 
viding a map of an optical property for a volume of interest. 
To a good approximation the effective path is only dependent 
on the diffusion of the photons Within the medium. That is to 
say, the time taken to reach the detector by a photon traveling 
the effective path is not in?uenced by absorption. Absorption 
only affects the intensity of the TPSF. Therefore, in one aspect 
of the invention, the TPSF can be used to estimate the absorp 
tion coef?cient in a VOI using the intensity of the TPSF at a 
given time point as Will be described beloW. 

[0026] The most probable effective photon path corre 
sponding to photons giving rise to the maximum intensity of 
the TPSF at T can be calculated: max: 

Where do is the geometrical thickness (source-detector dis 
tance in straight line); to the time of propagation through the 
medium, from source to detector, in straight line; and c is the 
speed of light in the medium. Relation (9) can be generaliZed 
to all time points (Ti) of the TPSF: 

dWfiI?Ti (10) 

[0027] In one embodiment of the invention, a light trans 
mission equation can be used to derive the absorption coef? 
cient. For example, the Beer-Lambert laW can be used to 
estimate the absorption coe?icient in an ellipsoid. Thus, for a 
time point T,- of the TPSF, and by considering equation 10, the 
corresponding amplitude of the signal can be Written: 

Equation (1 l) is preferably applied to photons arriving after 
Tmax for Which the amplitude of TPSF is mostly dependent on 
the absorption coef?cient. For Ti<Tmax the amplitude of the 
TPSF still depends on the redistribution of the photons due to 
diffusion. It is possible to estimate the diffusion and subtract 
it from the intensity of the TPSF to yield an absorption mea 
surement free of diffusion. The correction factor can be 
derived as folloWs for scattering coef?cients in the range 8 
cm'1 to 15 cm_l, typical of biological tissues, the pulse could 
be assumed as equivalent to an isotropic source after 2-3 mm 
from the surface. With the assumption that the source detector 
separation is large enough to maintain the validity of the 
diffusion theory, a correction factor could be derived from the 
dependence of the photon ?ux (1)1, for cW illumination: 
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1 (12) 

Where D:1/3|J.S' is diffusion coe?icient and r is the source 
detector separation. Assuming pa is much smaller than us‘, a 
good approximation for the typical tissue values, the decrease 
due to the scattering only is S~1/(4Dr) Where D is the diffu 
sion coef?cient and r the distance from the source to the point 
Where the measurement is performed. S is the correction 
factor for the decrease ?ux of the photons due to the scatter 
ing. For relative distribution only the dependence on r could 
be used. For absolute evaluations the diffusion coef?cient 
need to be determined and for this a classical diffusion model 
in homogeneous media could be used (M. S. Patterson, B. 
Chance, B. C. Wilson, Applied Optics, (1989), 28:2331 
2336; D Contini, F Martelli, and G Zaccanti. Applied Optics 
(1997); 3 6 :4587-45 99; incorporated herein by reference). For 
the re?ection con?guration some example of quanti?cation is 
presented When this con?guration is analyZed. For more 
details regarding the modeling of the homogeneous case see 
the above-cited references. 

[0028] From equation 11 the value of the average absorp 
tion coe?icient of the volume of the medium covered by the 
corresponding ellipsoid (corresponding to T1.) can be derived: 

[0029] Thus, for each time point or time gate the average 
value of the absorption coef?cient pa’,- in the corresponding 
ellipsoid can be determined. 

[0030] Evaluation of IO can be made directly from the 
source. HoWever, in a preferred embodiment the folloWing 
method canbe used. For a time gate de?ned near the tail of the 

TPSF, TMWe have: 

[0031] The value of ua’M can also be derived using the 
asymptotic approximation as is Well knoWn from the prior art 
(M. S. Patterson, B. Chance, B. C. Wilson, Applied Optics, 
(1989), 28:2331-2336; D Contini, F Martelli, and G Zaccanti. 
Applied Optics (1997); 36:4587-4599; and US. Pat. No. 
5,555,885, incorporated herein by reference), from the tail 
?tting of the TPSF: 

HQMIKWMPSFM» (15> 

Where m is the symbol for the slope. From (5) and (6) We can 
derive the value for I0: 

[0032] T M is the mean time corresponding to the points 
from the TPSF used in equation (15) to derive uaM. With the 
value for I0 obtained from equation (16) one can evaluate the 
absorption coe?icient for all ellipsoids corresponding to the 
time points Ti>T of the TPSF by using equation (13). 
[0033] In another aspect, the value of the average concen 
tration of a chromophore N,- for the corresponding ellipsoid of 
any time gate Tl. can also be evaluated: 

max 
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Where (I is the extinction coef?cient of the chromophore at a 
given Wavelength. 
[0034] If We assume that there are more than one chro 
mophore in the medium, the concentration of each can be 
obtained by performing measurements for a number of Wave 
lengths equal to the number of chromophores and developing 
a system of equations to solve for the concentrations as is Well 
knoWn in the art of multi-Wavelength spectroscopic method. 
Relation (18) can be reWritten for each Wavelength 7»: 

[0035] In yet another aspect of the invention, a local map of 
the relative absorption pro?le in the volume around the 
source-detector line can be draWn. For tWo successive time 
gates, Ti<Ti+1 the average values for the absorption coe?i 
cient are: 

Ha,i:_1/(C*Ti)*ln(Ii/Io) (20) 

Hal-“LU (6*T i+1)*l11(I,-+1/Io) (21) 

[0036] If the values for [La are the same then the medium is 
homogeneous. If the values for [La are different the medium is 
heterogeneous and by differential evaluation a map of absorp 
tion coe?icients can be generated. The differential value pad 
for the region outside the ellipsoid i but inside the ellipsoid 
i+1 can be evaluated from: 

(Ti+l_Ti)) (22) 

11;]:-1/(C*(Z+1—Z))*IH(Ii+1/Ii) (23) 

[0037] The absolute evaluation of the differential coe?i 
cient of absorption can also be obtained by beginning the 
iteration of equation (23) at time points near the tail of the 
TPSF for Which We can evaluate the absorption coef?cient 
using (15). 
[0038] Assuming the absorption change is due to a change 
in concentration of one speci?c chromophore one can draW 
the pro?le of the concentration of that chromophore: 

[0039] The relations described above can be applied to a 
re?ection con?guration (FIG. 2). The problem can be repre 
sented as in FIG. 2 Where it can be seen that only “half’ of the 
ellipsoid is Within the medium. Even in the presence of the 
“boundary” generated by the presence of the surface, the 
equations derived for the transmission con?guration can be 
used With an acceptable accuracy for the evaluation of the 
volume of the ellipsoid. In a preferred embodiment, the solu 
tion for asymptotic approximation of homo geneous media for 
determination of an absolute value of pa is used: 

The derivative 

reveals that for longer time the third term, Which is linear in 
pa, Will have a determinant contribution. Therefore pa can be 
approximated from the asymptotic slope of the dependence of 
ln [R(r,t)] on time (M. S. Patterson, B. Chance, B. C. Wilson, 
Applied Optics, (1989), 28:2331-2336; and US. Pat. No. 
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5,555,885, incorporated herein by reference). From this rela 
tion is derived uaM generically de?ned in equation (15). 
[0042] In the re?ection con?guration (see FIG. 2), the ellip 
soid corresponding to the maximum of the TPSF is de?ned by 
the following parameters: 

2c:r (27) 

and 2a :r+2*3/us' (2 8) 

[0043] The evaluation of a generic ellipsoid corresponding 
to T,- can be done folloWing the procedure previously 
described for transmission con?guration. 
[0044] It Will be appreciated that the sensitivity to the pres 
ence of small inhomogeneities in the re?ection con?guration 
is greater due to the higher relative volume ratio (the volume 
of the ellipsoid is approximately half compared to transmis 
sion mode). In general, the re?ection mode is more adequate 
for layered sample, With a pro?le of the absorption along the 
perpendicular to the surface. 
[0045] In a further embodiment of the invention, quantita 
tive evaluation of the concentration of an injected chro 
mophore can be made by using measurements before and 
after the injection. We have for the same time gate Tl- an 
amplitude change from Ib (before) to la (after) and the corre 
sponding change of pa: 

the chromophore concentration N in the corresponding ellip 
soid: 

Where (I is the cross section of the chromophore. 
[0047] Combining the relations (15) and (16) one can 
evaluate the concentration: 

[0048] N is the average concentration of the chromophore 
in the volume of the ellipsoid corresponding to the time gate 
Ti. As Will be appreciated, because equation (33) expresses a 
differential absorption measurement of the chromophore, the 
scatter contribution to the TPSF signal is eliminated and the 
earlier time points or time gates (Tl-<Tmax ) can be used for 
absolute concentration evaluation With maximum spatial 
resolution and sensitivity. 
[0049] From the above it can be appreciated that by deter 
mining ua for a plurality of ellipsoids corresponding to a 
plurality of time points or time gates of the TPSF maps of pa 
can be reconstructed. Furthermore, different spatial resolu 
tions can be achieved by selecting early or late time points or 
time gates. In this respect it Will be noted that for early time 
gates (small T1) the spatial resolution of the absorption coef 
?cient is greater since the corresponding ellipsoids comprise 
a smaller volume. 

[0050] The spatial resolution may also be optimiZed by 
obtaining TPSF’s from a plurality of source-detector con?gu 
rations. It Will be appreciated that family of ellipsoids may 
overlap. This overlapping may provide a further advantage in 
providing additional information about the optical properties 
of a given VOI. In particular, the reliability of optical proper 
ties determination in a VOI derived using ellipsoids corre 
sponding to the tail end of the TPSF, Which typically exhibits 
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a loWer signal to noise ratio, may be increased by scanning the 
same area using different source-detector con?guration and 
therefore modeling the VOI With different ellipsoids. Alter 
natively, if the object is scanned in a raster fashion, the dis 
tances betWeen the scan points can be adjusted so as to pro 
vide the desired resolution. 
[0051] It Will also be appreciated that the above described 
method can be used in a variety of applications. For example 
in optical imaging of biological tissues, is part of small ani 
mals or larger mammals such as humans, in Which a map of 
the absorption coef?cient could help to localiZe tumors and 
differentiate betWeen tumors With different levels of activity 
in different regions of their volume due to the presence of 
different chromophores. 
[0052] The method can also be useful for pharmacokinetics 
applications in Which mapping of the concentration distribu 
tion of exogenous chromophores is often required. 
[0053] The method can also be used as simple quantitative 
evaluation of the absorption and concentration of chro 
mophores in any strongly diffusing solutions. 
[0054] The embodiment(s) of the invention described 
above is(are) intended to be exemplary only. The scope of the 
invention is therefore intended to be limited solely by the 
scope of the appended claims. 

1. A method for determining an optical absorption coe?i 
cient of a volume of interest (V OI) in a turbid medium using 
time resolved optical modalities said method comprising: 

injecting light in said medium at an injection point; 
detecting light exiting said medium at a detection point; 
generating a Temporal Point Spread Function (TPSF) 

using said detected light; 
correlating a predetermined time point or time gate of said 
TPSF With said VOI Wherein said VOI comprises 
equiprobable effective photon paths; and 

determining said optical absorption coe?icient Within said 
VOI using one or more characteristics of said TPSF. 

2. The method as claimed in claim 1 Wherein said absorp 
tion coe?icient is determined as a function of a light trans 
mission equation incorporating said one or more characteris 
tics of said TPSF. 

3. The method as claimed in claim 2 Wherein said light 
transmission equation is the Beer-Lambert equation. 

4. The method as claimed in any one of claim 1-3 Wherein 
said determination of said absorption coef?cient is a relative 
determination of tWo VOI’s. 

5. The method as claimed in claim 3 Wherein said step of 
determining said absorption coe?icient comprises the step of 
estimating an intensity value for said injected light to calcu 
late said absorption coe?icient using said Beer-Lambert 
equation. 

6. The method as claimed in claim 5 further comprising the 
step of determining a concentration of a chromophore using 
said intensity value and said Beer-Lambert equation. 

7. The method as claimed in claim 6 Wherein the concen 
tration of tWo or more chromophores is determined by obtain 
ing tWo or more TPSF’s at tWo or more Wavelengths. 

8. The method as claimed in claim 5 Wherein said intensity 
value is determined as a function of the rate of decay of the 
asymptotic portion of said TPSF and a time point or time gate 
Within said asymptotic portion. 

9. The method as claimed in claim 3 Wherein said Beer 
Lambert equation is used for determining concentration of a 
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chromophore by using the ratio of intensity of said TPSF at 
saidtime point or time gate for saidVOl With and Without said 
chromophore. 

10. The method as claimed in claim in any one of claim 1-9 
Wherein said TPSF is obtained in transmission mode. 

11. The method as claimed in any one of claim 1-9 Wherein 
said TPSF is obtained in the re?ection mode. 

12. The method as claimed in any one of claim 1-11 
Wherein said VOI is an ellipsoid. 

13. The method as claimed in any one of claim 1-13 
Wherein said time point or time gate is equal to or greater than 
time point corresponding to the maximum of said TPSF. 
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14. The method as claimed in any one of claim 1-13 
Wherein said optical absorption coe?icient is mapped for 
more than one VOI thereby producing an image of optical 
absorption coe?icient of said medium in a region of interest 
(R01). 

15. The method as claimed in claim 14 Wherein a plurality 
of TPSF’s are obtained from a plurality of injection/detection 
points con?gurations to produce a plurality of images of said 
VOI and Wherein said images are combined to produce an 
image of said VOI With enhanced resolution. 

* * * * * 


